Abstract. We measure the vertical velocities of elevators, pedestrians climbing stairs, and drones (flying unmanned aerial vehicles), by means of smartphone pressure sensors. The barometric pressure obtained with the smartphone is related to the altitude of the device via the hydrostatic approximation. From the altitude values, vertical velocities are derived. The approximation considered is valid in the first hundred meters of the inner layers of the atmosphere. In addition to pressure, acceleration values were also recorded using the built-in accelerometer. Numerical integration was performed, obtaining both vertical velocity and altitude. We show that data obtained using the pressure sensor is significantly less noisy than that obtained using the accelerometer. Error accumulation is also evident in the numerical integration of the acceleration values. In the proposed experiments, the pressure sensor also outperforms GPS, because this sensor does not receive satellite signals indoors and, in general, the operating frequency is considerably lower than that of the pressure sensor. In the cases in which it is possible, comparison with reference values taken from the architectural plans of buildings validates the results obtained using the pressure sensor. This proposal is ideally performed as an external or outreach activity with students to gain insight about fundamental questions in mechanics, fluids, and thermodynamics.
Introduction
Smartphone use in physics courses has expanded considerably in recent years. Because of the availability of several sensors in these modern devices (accelerometers, gyroscopes, magnetometer, etc.), several experiments can be implemented in laboratories (see past volumes from this journal or the column iPhysicsLab in Physics Teacher). The proposed experiments span a wide range of topics including mechanics [1, 2, 3, 4, 5, 6, 7] , oscillations [8] , waves [9, 10] , electricity [11] , magnetism [12, 13] , and modern physics [14] . The most important advantages of using smartphones are both increasing availability among young people and the decreasing cost (in comparison with other sensors which are specifically designed for teaching purposes). It is also worth mentioning the possibility of making simultaneous measurements with several sensors such as gyroscopes and accelerometers [2, 3, 4] . One additional advantage is that experiments with smartphones can be easily performed in non-traditional locations such as playgrounds [2] , amusement parks, mechanical [15, 16, 17] or water parks [18] , or travel facilities [19] . Every year, new smartphone models with new capabilities are released; therefore, we expect more physics experiments will be proposed for them.
One capability of smartphones which has received little attention is the use of their pressure sensor, or barometer, [20, 21] . This sensor has been recently included in smartphones. In particular, the popular Samsung Galaxy S III, launched in 2012, was one of the first to include a barometer. Concerning the Apple brand, such sensors are included on the iPhone 6 series, the Air 2, and Pro and Mini 4 iPad models. In a very recent experiment [20] , the characteristics of the inner layer of the atmosphere (the first hundred meters) were analyzed using a smartphone mounted on an unmanned aerial vehicle (UAV) or drone. In this experiment, the pressure was obtained using the smartphone's pressure sensor and compared to different models of the atmosphere. In a recent study, a methodology based on the sensors commonly available on smartphones and tablets was proposed for the automatic recognition of major vertical displacements in human activities [21] . One additional related study included the use of a pressure sensor mounted on an Arduino board (an open-source project that created microcontroller-based kits for building digital devices and interactive objects) [22, 23] to study barometric variations in atmospheric variables.
An exhaustive study of the properties of pressure sensors included in modern devices and the characteristics of measurements taken inside buildings is presented in [24] . In this study, results show that pressure readings show significant time-of-day variations; the difference in pressure across different floors of a building is remarkably consistent and steady for any given building and is highly robust to changes in the phone's on-body placement and orientation, making it a significantly more robust sensor for real-world vertical activity detection than the accelerometer.
In this paper, we focus on the use of pressure sensors, or barometers, which are built into contemporary smartphones to obtain vertical velocity data in several contexts: in the elevators of tall buildings, in pedestrian climbing stairways, and on drones. From the obtained pressure values, using the hydrostatic approximation, the altitude and the ascending or descending speed is obtained. Our results are compared with the reference values provided by architectural plans or maximal ascending or descending speed reported by the manufacturer of the drones (and are in very good agreement). In previous approaches, using smartphones placed on the floor of an elevator, vertical acceleration is registered and subsequently integrated to obtain the time-dependent height [19] . However, the intrinsic noise of the acceleration sensor or the external vibration induced by the elevator cable [25] or the propellers makes it difficult to obtain accurate vertical speed data [26] .
The proposed activity provides a good opportunity to gain insight into the physical characteristics of the inner atmosphere and to review the thermodynamics properties involved, such as pressure and temperature. One notable advantage of the present proposal is that it can be performed by students as an external activity. The only material needed is a smartphone with a pressure sensor, also called a barometer.
This paper is organized as follows. In the next section, we define some of the properties of the atmosphere and how pressure is related to altitude. The experiments are described in Sec. 3. Finally, in Sec. 4 some discussion and several concluding remarks are presented.
Inner layers of the atmosphere
The atmosphere is an extremely complex system; usually, to simplify its study, it is divided into several layers. The inner layer, the first 11 km of height, is the troposphere, in which the temperature has a roughly linear gradient, called the lapse rate, whose standard value is 0.0065 o C/m. In a previous experiment [20] , using a smartphone mounted on a drone, we obtained pressure from a barometer and altitude from a GPS device and, using a linear fit, compared the value of the density to the standard values available in the literature. The experiment showed that, in the inner layer of the atmosphere, constant density is a good approximation. In this case, the hydrostatic approximation can be employed
where P (z) is the pressure at height z, P 0 is the pressure at z = 0, ρ is the air density, and g = 9.8 m/s 2 is the gravitational acceleration. The density can be obtained by applying the ideal gas law
where M = 0.029 kg/mol is the molar mass of the air (as a mixture of gases), T is the absolute temperature, and R = 8.31 J/mol·K is the gas constant. Then, the altitude z can be easily obtained as In the first layers of the atmosphere, the temperature decreases approximately 0.2% per 100-m increase in altitude, and the pressure decreases 1% over the same change. Then, using the previous equation, we estimate that the density decreases by less than 0.8% per 100 m. Under these assumptions, up to first order (i.e., neglecting higher order terms), we obtain a linear relationship between pressure and altitude
where T 0 is the ambient temperature at z = 0. An expression to obtain the vertical velocity can easily be derived.
Experiments
We measured the barometric pressure in different situations: moving elevators, flying drones, and pedestrians climbing stairways. The experiments were performed using the pressure sensors of two different smartphones: an LG model G3 and a Samsung Galaxy S6. The apps used to register both the pressure and the vertical acceleration, were Physics Toolbox Suite (www.vieyrasoftware.net) and AndroSensor (www.fivasim.com/androsensor.html). A screenshot of the Physics Toolbox Suite is shown in Fig. 1 . After performing the experiments, data is exported to a spreadsheet and analyzed.
Vertical velocities of elevators
Vertical velocities were obtained in three buildings, one in Montevideo (Uruguay) and two in New York City (USA). The first building is the Sciences School (FCIEN) in Uruguay, see Fig. 2 , and the other two are skyscrapers in New York City: the Empire State Building (ESB) and 30 Rock (30R) at Rockefeller Center. During two round trips between the Physics Institute (ground floor) and the 15th floor in FCIEN, the barometric pressure and the vertical acceleration were recorded at a sampling rate of 20 Hz. The Samsung Galaxy smartphone was lying on the floor of the elevator throughout the experiment. The ambient temperature was measured using a thermocouple. Small temperature variations, i.e., ±1 K, were detected based on the current floor and the height with respect to the elevator's floor. The average temperature value was used. The pressure values are given in Fig. 3 . The accelerometer values are given in Fig. 4 (top) ; the vertical velocity, numerically integrated using an Euler scheme, is displayed in the bottom panel.
The elevator's altitude obtained from the pressure measurements and Eq. 4 is shown in Fig. 5 . The actual height of the 15th floor, verified using the architectural plans, is indicated by a dot-dashed horizontal line. To compare the use of the pressure sensor with that of the acceleration sensor, the velocity, shown in Fig. 4 (bottom) and the altitude, indicated by a green line in Fig. 5 , were also obtained. Two facts are particularly important. First, there was very good agreement between the measurements obtained using the pressure sensor values and the reference values. Second, there was a significant discrepancy when altitude values were obtained by integrating the acceleration. We claim two factors as possible origins of this discrepancy. One source of uncertainty is the intrinsic noise of the accelerometer. The other source is the accumulation of errors during numerical integrations. A small uncertainty in the acceleration at the beginning of the experiment is propagated and amplified throughout the experiment. In addition, because the accelerometers are actually force sensors [4] , they are centered at gravitational acceleration, instead of a zero value; therefore, small uncertainty in thegravitational acceleration causes significant uncertainty in the calculation of the altitude at later times. This problem is intrinsic to the method and cannot be solved by changing the sampling rate. In the present experiment, several sampling rates were evaluated and the best value was chosen, as shown below.
In Fig. 6 , the temporal evolution of the pressure for ascent and descent in both the ESB and 30R is depicted. In these experiments, the LG smartphone was held horizontally in the hands of one of the authors. As in previous figures, the decrease (increase) of the pressure is clearly seen while the elevator is ascending (descending). The ascent intervals last approximately 40 s in 30R and 60 s in the ESB. The elevator speed can be obtained from the pressure using the relationship between atmospheric pressure and altitude, given in Eq. 4. In addition, the vertical velocities of the elevators are calculated based on the slope of the previous graph. From these measurements, we note that speeds of ascent and descent are very similar in both elevators. However, the speed of the elevator in 30R (approximately 25 km/h) is greater than that in the ESB (approximately 17 km/h).
Climbing stairways
The preceding results suggest that the previous experiments could be performed in an even simpler situation: a person climbing stairs while holding the smartphone. The following experiment was performed at the Engineering School at the Universidad ORT Uruguay in Montevideo, starting and finishing at the Physics Laboratory after travelling through several stairways and corridors. As expected, the pressure values measured during such excursion, shown in Fig. 8 , are significantly more noisy than those registered in elevators (see Figs. 3 and 6 ). However, it is still possible to calculate the altitude, as shown in Fig. 9 . In this situation, we must take into account the fact that the smartphone is held in the hands of the experimenter at approximately 1 m above the floor. After correcting for this height, a comparison of these results with the reference values derived from the architectural plans indicated very good agreement. Average values of the vertical velocity were estimated to be of the order of 1 m at every 3 s in two of the sections. This method for the estimation of velocity is also a good exercise for new students.
Vertical velocity of a drone
Remotely-controlled helicopters and planes have been used as toys for decades. However, recently, advances in sensor technologies have made it possible to easily and inexpensively fly and control these devices. Along with their increasing availability, educational applications are also proliferating [26] . In this paper, we propose a simple experiment in which a smartphone is mounted on a DJI Phantom 2 using an armband case, as shown in Fig. 10 .
The drone performed a simple flight while the smartphone was recording several variables using its built-in sensors, most importantly, the pressure sensor. First, it ascended to an altitude of 120 m relative to the take-off point (according to the telemetry of the drone's RF control), remained hovering for approximately 20 s and descended to an altitude of 12 m, and, finally, landed. During the flight, the AndroSensor app was used to record the atmospheric pressure and other variables of interest. Pressure as a function of time is shown in Fig. 11 . According to the information provided by the manufacturer of the drone, the maximum ascent speed is 6 m/s (although, this value can vary a small amount based on the attached weight) and the maximum descent speed is 2 m/s. In this experiment, care was taken to avoid harming people, animals, or property and to fulfill all air traffic regulations. Figure 12 shows the altitude, as obtained using the pressure sensor and Eq. 4. The ascending and descending speeds are obtained via linear fits of the altitude during their respective time intervals. These values correspond well to the values reported by the manufacturer. The acceleration measurements (not shown here) are significantly more noisy [26] . As a consequence of the intrinsic noise of the device, numerical integration of the acceleration values does not provide good results for the calculations of velocity or position.
Concluding remarks and perspectives
In this paper, the use of smartphone pressure sensors was proposed to determine vertical velocities of elevators, pedestrians climbing stairways, and drones. Using the hydrostatic approximation, which is valid in the first several hundred meters of the atmosphere, pressure is related to the altitude of the device and the vertical component of the velocity.
We also measured the acceleration and obtained the velocity and altitude via numerical integration. The results obtained using the pressure sensor are compared with those obtained using the smartphone's accelerometer. We showed that data obtained using the pressure sensor are considerably less noisy. Because of the accumulation of error in the numerical integration, the use of accelerometers is found to be less suitable than the use of the pressure sensor in this context. The previous results were compared with measurements taken from the architectural plans of the buildings or information provided by the manufacturer of the drone. Note that another popular sensor, GPS, which is present in most smartphones, is not well-suited for this activity because it does not work well inside a building and the refresh rate is significantly lower. In all cases, the comparisons validated the results obtained using the pressure sensor. One additional advantage is that this proposal is ideal as an external or outreach activity to allow students to gain insight into fundamental questions in fluid mechanics and thermodynamics.
